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In situ angle-resolved photoemission spectroscopy (ARPES) has been performed on SrVO3 ultra-
thin films, which show metallic quantum well (QW) states, to unveil the origin of the anomalous
mass enhancement in the QW subbands. The line-shape analysis of the ARPES spectra reveals
that the strength of the electron correlation increases as the subband bottom energy approaches
the Fermi level. These results indicate that the anomalous subband-dependent mass enhancement
mainly arises from the quasi-one-dimensional character of confined V 3d states as a result of their
orbital-selective quantization.
PACS numbers: 73.21.Fg, 71.27.+a, 79.60.-i
Quantum confinement of strongly correlated electrons
in oxide heterostructures has attracted considerable in-
terest not only for its potential for technological applica-
tions in future oxide electronics, but also for the oppor-
tunity it presents to better understand the fundamental
low-dimensional physics of strongly correlated electron
systems [1]. The reduction of the dimensionality changes
the complex interaction among the spin, charge, and or-
bital degrees of freedom of the correlated electrons, re-
sulting in the emergence of unusual quantum phenomena
[2, 3]. Recently, metallic quantum well (QW) states have
been clearly observed by using angle-resolved photoemis-
sion spectroscopy (ARPES) for strongly correlated elec-
trons in SrVO3 (SVO) ultrathin films grown on SrTiO3
(STO) substrates, where the high-density strongly corre-
lated electrons of the order of ∼ 1022 cm−3 are confined
in a narrow space on the scale of a few nanometers [4].
This situation is distinct from the two-dimensional elec-
tron gas (2DEG) states in oxide semiconductors [5–11].
Thus, such a use of quantum confinement to form two-
dimensional electron liquid (2DEL) states will provide a
foundation for studying the behavior of strongly corre-
lated electrons under reduced dimensions and for con-
trolling the extraordinary physical properties of strongly
correlated oxides.
The observed metallic QW states in SVO ultrathin
films exhibit two distinctive features [4]. The first is
the orbital-selective quantization originating from the
anisotropic orbital character of the V 3d t2g (dxy, dyz,
and dzx) band states. In bulk crystals, each band es-
sentially has a two-dimensional (2D) character in the
xy, yz, and zx planes, respectively. In thin films, the
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2D nature of each band causes the further reduction of
dimensionality to one dimension that is determined by
the quantization direction: When the SVO film has be-
come sufficiently thin in the z direction to realize quan-
tum confinement, the bands derived from the dyz/dzx
orbitals are subject to quantization (changing from 2D
to 1D (one-dimensional)), while the dxy band states re-
main unchanged (maintaining their 2D nature). The
other distinctive feature is the anomalous mass enhance-
ment, which depends on the subbands: The subband dis-
persion becomes considerably narrower as the subband
bottom energy (En) approaches the Fermi level (EF).
Such anomalous subband-dependent mass enhancement
has not been observed in conventional metallic QW struc-
tures based on metals having nearly free-electron-like sp
bands [12, 13], suggesting the importance of underlying
strongly correlated electronic states in the SVO QW.
The behavior observed in SVO QWs cannot be un-
derstood within a simple Fermi liquid picture where
electron-electron scattering depends only on the electron
energy measured from EF: In that picture, electron-
electron correlation in the subband should be reduced
as the band filling of the subband is reduced; that is,
the subband bottom energy approaches EF owing to the
reduction in band filling. Okamoto has studied the sub-
band structures of correlated QWs of SVO by using a lay-
ered dynamical-mean-field theory (DMFT) calculation,
and noted the importance of both the band effect, orig-
inating from the long-range hopping, and the electron-
electron correlation, due to short-range Coulomb repul-
sion [14]. Because the band effect gives rise to the ap-
parent enhancement of the effective mass in subbands of
higher quantum numbers even without electron correla-
tion, the effect of electron-electron correlation on the sub-
band narrowing is still not understood [14, 15]. There-
fore, the experimental evaluation of the electron correla-
tion strength in the subband from a different perspective
is indispensable for revealing the origin of the anomalous
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In this Letter, we report the results of in situ ARPES
measurements of metallic QW structures formed from
SVO and a detailed line-shape analysis of the ARPES
spectra, with particular focus on the widths of the mo-
mentum distribution curves (MDCs). The spectral anal-
ysis using MDCs enables us to distinguish between the
effect of electron correlation and the band effect in the
observed subband narrowing. The line-shape analysis
demonstrates the significant enhancement of the self-
energy as the subband bottom energy approaches EF, in-
dicating the importance of electron correlation in the QW
states. If the electron correlation is dominated by intra-
subband electron-electron scattering, the dependence of
the strength increase of the electron correlation on the
subband can be explained by the quasi-1D nature of the
orbital-selective quantized states in SVO.
Digitally controlled SVO ultrathin films were grown on
the atomically flat (001) surface of TiO2-terminated Nb-
doped STO substrates in a laser molecular-beam epitaxy
chamber connected to an ARPES system at BL-28 of the
Photon Factory (PF) [16]. During the growth of an SVO
film, the thickness was precisely controlled on the atomic
scale by monitoring the intensity oscillation of reflection
high-energy electron diffraction (RHEED). The details
of the growth conditions are described elsewhere [4, 17].
The characterization results were essentially the same as
those reported in the previous studies [4, 17]. The films
prepared for the measurements were transferred under
an ultrahigh vacuum of 10−10 Torr to the photoemission
chamber to avoid the degradation of the SVO surface
upon exposure to air. The ARPES experiments were
conducted in situ under an ultrahigh vacuum of 10−11
Torr at a temperature (T ) of 20 K using horizontal linear
polarization of the incident light. The energy and angular
resolutions were respectively set to about 30 meV and
0.3◦. The Fermi level of the samples was calibrated by
measuring a gold foil that was electrically connected to
the samples. The details of the ARPES measurement
setups are described elsewhere [4].
Figures 1(a)-1(c) show ARPES images of the 7-
monolayer (ML) SVO ultrathin films taken at vari-
ous photon energies (hν) along the cut indicated by
the dashed line in the Fermi surface (FS) mapping of
Fig. 1(d). In comparison with the prediction given by
the tight-binding (TB) calculations, a circular FS cen-
tered at the Γ point is derived from the dxy band, while
the two nearly parallel linear FSs are from the dyz and
dzx bands [18]. Since the band dispersions along the
cut are derived only from the quantized dzx band states,
the ARPES spectra consist of the three dzx-derived sub-
bands with quantum numbers n = 1, 2, and 3 [4]. The
ARPES images demonstrate that the spectral intensity
of each quantized band significantly depends on hν [19].
Although the intensities strongly change with hν, the
subband dispersions themselves remain unchanged ow-
ing to the low-dimensional character of the quantized
states. The 2D nature of the subbands is also confirmed
FIG. 1: (color online). Photon-energy dependence of ARPES
spectra for the 7-ML SrVO3 ultrathin film. (a)-(c) ARPES
images taken at hν = 80 eV, 88 eV, and 94 eV, respec-
tively. The ARPES spectra were measured along the kx slice
at ky = 1.3pi/a (indicated by the dashed line in (d)), where
the spectra include only the quantized dzx subbands. (d)
Fermi surface mapping measured at hν = 88 eV, where the
n = 1 states are observed to be dominant. The results of
tight-binding calculations for the n = 1 states are superim-
posed as solid curves. The dashed line represents the measure-
ment line for (a)-(c), and the dot-dashed line is the Brillouin
zone boundary. (e) Energy distribution curves (EDCs) at the
point (0, 1.3pi/a). The vertical dashed lines denote the sub-
band energy minima En of the QW states. (f) Momentum
distribution curves (MDCs) at EF. The vertical dashed lines
denote the kF values of the QW states. The values of kF
for the n = 1, 2, and 3 states are 0.20, 0.31, and 0.35 A˚−1,
respectively.
by the energy distribution curves (EDCs) taken at the (0,
1.3pi/a) point, as shown in Fig. 1(e). For the MDCs in
Fig. 1(f), a much stronger hν-dependent intensity modu-
lation is observed around the Fermi momentum (kF). As
expected from the ARPES images in Figs. 1(b) and 1(c),
the intensity of the n = 1 subband is too strong to allow
it to be compared with the other subbands (n = 2 and 3)
in the ARPES images measured with hν = 88 eV and 94
eV, i.e., the peak structures corresponding to the n = 2
and 3 band states are buried in the tail of the prominent
3FIG. 2: (color online). Line-shape analysis for SrVO3 QW
states. The intensity plots of ARPES spectra for the 6-ML
(a), 7-ML (b), and 8-ML (c) SrVO3 films are obtained at the
point (0, 1.3pi/a). The top panels show the MDCs at EF
within an energy window of ±10 meV. The MDCs have been
fitted to a linear combination of Lorentzians with a smooth
background. The dispersions of the subbands have been de-
termined from the MDC peak positions (open circles) in the
vicinity of EF and the EDC peak positions (open squares)
near the minima of the subbands, respectively. The solid
curves represent the curve fits (based on the tight-binding
model Eq. (1)) to the dispersion of the QW states. The
dashed lines are the backgrounds. The broad hump-like struc-
ture around the Γ point (dashed-dotted line) in the 6-ML film
may be due to the contribution from the n = 3 state at the
unoccupied states in the vicinity of EF.
n = 1 states. In contrast, the intensity of the n = 1
subband is strongly suppressed and becomes comparable
to those of the higher n subbands in the MDC taken at
hν = 80 eV. It should be noted that the hν dependence
of the spectral intensity shows almost the same behavior
irrespective of the thickness of the SVO ultrathin films.
Therefore, the ARPES data taken with hν = 80 eV are
used in the detailed line-shape analysis discussed below.
Figure 2 the ARPES intensity plots for 6-8 ML SVO ul-
trathin films taken along the same kx slice at ky = 1.3pi/a
indicated by a dashed line in Fig. 1(d), together with the
peak positions determined from the MDCs for the near-
EF region and the EDCs for the energy regions near the
minima of the subbands. The MDCs are reproduced by
the combination of Lorentzians corresponding to the re-
spective subbands with a smooth background [20]. In
the top panels, the MDCs at EF are shown for the cor-
responding SVO ultrathin films. It is evident that the
width of the MDC peak (∆k) becomes wider with in-
creasing quantum number n for each film thickness and
as the bottom energy approaches EF, suggesting that the
electron correlation makes a siginificant contribution to
the subband-dependent mass enhancement. In order to
estimate the “renormalization factor” ZTBn in accordance
with the previous study [4], a fit to the dispersion of each
subband, εn(k), is performed, using the equation:
εn(k‖) = ZTBn ε
TB(k‖) + ε′, (1)
where k‖ is the in-plane momentum, εTB(k‖) is the bulk
band dispersion calculated using the tight-binding pa-
rameters of bulk SVO [21], and ε′ is a parameter that
can be adjusted so as to match the minima of the sub-
bands with experimental results. As can be seen in Fig. 2,
the observed subband dispersions are well reproduced by
Eq. (1), as is the FS topology shown in Fig. 1(d).
According to the theoretical analysis based on the lay-
ered DMFT [14], the obtained ZTBn is expressed as the
product of factors representing the band effect Zbandn and
the electron correlation effect Ze−en . Thus, a crucial is-
sue is how the net effect of electron correlation on the
subband narrowing is extracted from the ARPES data,
since both the band effect and the electron correlation
effect give rise to the narrowing of the subband disper-
sion. To shed some light on the influence of the electron
correlation on the mass enhancement, we have employed
the line-shape analysis of MDCs as a function of binding
energy ω. The width ∆k of the peak in an MDC reflects
the imaginary part of the self-energy, ImΣ(k, ω), which
is related to the inverse lifetime 1/τ , as follows [20]:
|2ImΣ(k, ω)| ≈ ~vk∆k = ~
τ
. (2)
Here, ~ is the Planck constant and vk is the velocity
along the band dispersion. Using this equation, one can
deduce the imaginary part of the self-energy, ImΣ(k, ω),
from the measured ∆k values. Thus, the spectral anal-
ysis using the MDC enables us to extract the effect of
electron correlation irrespective of the apparent subband
narrowing due to the band effect.
In a previous ARPES study on thick SVO films (with
thicknesses greater than 100 ML) [22], the self-energy
Σ(k, ω) showed a typical Fermi liquid behavior, reflect-
ing the correlated Fermi-liquid ground states of bulk
SVO [23]. This fact leads to the reasonable assumption
that the QW states also exhibit a correlated Fermi-liquid
behavior. Another point to note is that ImΣ(k, ω) in
SVO films is nearly identical between cuts across differ-
ent Fermi momenta, indicating that the self-energy Σ is
particularly independent of k [22]. If we neglect the k-
dependence of the self-energy for the quantized subbands
as well, the imaginary part of the self-energy in the vicin-
ity of EF for each of the subbands is expressed as [24]:
|2ZnImΣn(ω)| ≈ ~vnF∆kn, (3)
where vnF =
1
~
(
dεn(k)
dk‖
)
is the Fermi velocity determined
from experimental data. The energy ranges for the ap-
plication of Eq. (3) are defined so as to maintain the
linearity of each subband dispersion from EF. The esti-
mated ZnImΣn(ω) values for each of the QW subbands
4are shown in Figs. 3(a)-3(c). Each ImΣn(ω) curve mono-
tonically increases with increasing ω. Although electron-
phonon scattering may weakly affect ImΣn(ω) in the re-
gion of ∼ 60 meV below EF as observed in the case of
thick SVO films [22], no clear signature indicating this ef-
fect is obtained in any of the ImΣn(ω) curves, suggesting
that the effect of the electron-phonon scattering on each
ImΣn(ω) can be ignored in the present experiment. Fur-
thermore, the rate of increase of ImΣn(ω) as a function
of ω tends to be larger with increasing n and/or decreas-
ing film thickness, namely as the minimum of the sub-
band approaches EF, clearly demonstrating the subband-
dependent renormalization due to electron correlation.
In order to evaluate the electron correlation strength
for each of the subbands quantitatively, the ImΣn(ω)
curves are fitted to the following equation, which assumes
the Fermi-liquid ground states:
|ZnImΣn(ω)| = Γimpn + βn
(
ω2 + (pikBT )
2
)
, (4)
where βn denotes a coefficient reflecting the strength of
electron-electron interaction, kB is the Boltzmann con-
stant, and Γimpn is the inverse lifetime of quasi-particles
associated with the impurity scattering. The obtained
values of βn and Γ
imp
n are plotted against the bottom
energy of subband, En, in Figs. 3(d) and 3(e), respec-
tively. As En approaches EF, these values are consider-
ably enhanced, and the enhancement seems to be depen-
dent only on En.
Now we examine the relationship between the renor-
malization factor Ze−en and the coefficient βn, in order to
check the validity of the present MDC analysis for mass
renormalization. In the Fermi-liquid states, the well-
known Kadowaki-Woods relation states that the ratio be-
tween A and γ2 is a universal constant [25], where A is the
coefficient of the T 2 term in the resistivity and γ is for the
T -linear term in the electric specific heat coefficient. The
renormalization factor Ze−e is related to the real part of
the self-energy, ReΣ(ω); the first-order approximation for
ReΣ(ω) in the vicinity of EF is ReΣ(ω) ≈ −αω, and con-
sequently the bandwidth near EF becomes narrowed by
a factor of Ze−e = [1 + α]−1. Then, the quasiparticle
density of states at EF is enhanced by 1/Z
e−e, and the
quantity 1/Ze−e is proportional to the electronic specific-
heat coefficient γ. Meanwhile, A is proportional to β, as
is clear from Eq. (4). Considering the Kadowaki-Woods
relation, the following relationship is derived:
βn ×
(
Ze−en
)2 ∝ A/γ2 = const., (5)
indicating that the value of βn is related to the mass
renormalization of the subbands (1/Ze−en ). Therefore,
the determination of βn corresponds to the evaluation of
the contribution of the electron correlation in each sub-
band and is free from the influence of the band effect. As
can be seen from Fig. 3(d), the estimated βn monotoni-
cally increases with decreasing En, providing the experi-
mental evidence that the electron correlation significantly
contributes to the anomalous mass enhancement in SVO
FIG. 3: (color online). Self-energy Σ for SrVO3 QW states.
(a)-(c) Imaginary part of the self-energy, ZnImΣn(ω), of each
subband plotted as a function of ω for 6-ML, 7-ML, and 8-
ML SVO films. The solid curves represent the fitted curves
based on Eq. (4). (d), (e) Respectively the En dependences
of the coefficients βn and Γ
imp
n estimated from the curve fits.
The solid curves are the results of curve fitting assuming the
quasi-1D density of states: βn ∝ 1/En and Γimpn ∝ 1/
√
En.
For details, see the text.
QW states, and the contribution is remarkably enhanced
as En decrease.
The trend of the observed enhancement of electron cor-
relation as the subband bottom energy approaches EF
seems to be opposite to what would be expected from
the simple Fermi-liquid behavior of bulk SVO. In gen-
eral, the strength of the electron-electron interaction is
proportional to the square of the density of states D(ω)
at EF, [D (EF)]
2
, and similarly the inverse lifetime of the
impurity scattering is proportional to D (EF). There-
fore, based on the behavior of bulk SVO [23], a weaker
correlation effect is expected in the subbands located at
lower binding energies owing to the reduction of band
filling [26]. The seeming contradictions can be reconciled
by considering the orbital-selective quantization of the V
3d t2g states involving the 2D nature of the subbands in
each respective plane. In the present case, the quasi-1D
electronic states are realized in the dyz/dzx-derived sub-
bands by the further dimensionality reduction (from 2D
to 1D) due to the quantum confinement. As a result,
the characteristic orbital-dependent quantized t2g band
states cause the FSs to consist essentially of some pairs
5of roughly parallel lines along the kx/ky directions [4]
originating from the quasi-1D dyz/dzx states and a bulk-
like circular FS from the dxy states (maintaining their 2D
nature), as can be seen in Fig. 1(d). If electron correla-
tion in such a situation is dominated by electron-electron
scattering within each subband, one has to consider the
density of states of each 1D subband, and not the density
of states of the entire V 3d t2g band as in bulk SVO.
In 1D systems, the density of states is given by D(E) ∝
1/
√
E, where E is the energy measured from the band
edge (the subband minimum in the present case), being
different from D(E) = const. in 2D and D(E) ∝ √E
in 3D. Thus, the scattering rate βn within the quasi-1D
dyz/dzx subband will be proportional to the square of the
density of states at EF and hence will be enhanced by a
factor of 1/En. In order to test the validity of the en-
hancement of electron correlation derived from the quasi-
1D subband, a function proportional to 1/En is fitted to
the plot of the coefficient βn against En, as shown in
Fig. 3(d). The curve fit adequately reproduces the ex-
perimental results. The validity is further confirmed by
the Γimpn data, which should be proportional to the den-
sity of states at EF. Indeed, Γ
imp
n is well scaled with
1/
√
En, as shown in Fig. 3(e). These good agreements
strongly suggest that the anomalous subband-dependent
mass renormalization is affected by the 1D character of
the confined V 3d subband states as a result of selective
quantization of orbitals involving the 2D nature [27].
The present conclusion is valid if the electron-electron
scattering is the strongest within each subband and
the inter-subband electron-electron scattering is weaker.
This condition will be satisfied because the Coulomb in-
teraction should be stronger between electrons in the
same QW band, i.e., with the same quantum number
n owing to the electrons having the same wave functions
in the z direction. In fact, it is evident from Fig. 3 that
the ImΣn(ω) curve of the n = 1 state remains almost un-
changed with the increase in thickness from 6 to 8 ML,
even when the new subband of the n = 3 state emerges
at 7 ML and it energetically approaches other states at 8
ML. The absence of any detectable changes in the n = 1
states despite the emergence of a new subband and/or
the approach to other subbands indicates that the inter-
subband interaction is too weak to be observed within
the given experimental accuracy.
In conclusion, we have addressed the origin of the
anomalous subband-dependent mass enhancement ob-
served in SVO QW structures using in situ ARPES
measurements. The detailed line-shape analysis reveals
that the obtained ImΣ(ω) significantly increases as the
subband bottom energy approaches EF, consistent with
the subband dependence of the renormalization factor
Zn. Assuming the Femi-liquid behavior of the SVO
QW states, these results strongly suggest that the elec-
tron correlation is dominated by intra-subband electron-
electron scattering and significantly affects the anoma-
lous subband-dependent mass renormalization observed
in SVO metallic QW structures. Taking into account the
characteristic orbital-selective quantization, we have con-
cluded that the enhancement of electron-electron correla-
tion originates from the quasi-1D electronic structure of
the quantized states, where the density of states diverges
at the band bottom. The present study demonstrates
that the QW structure of strongly correlated oxide will
provide a platform for both investigating the behavior
of correlated electrons under varying interactions among
their spin, charge, and orbital degrees of freedom and
for manipulating novel quantum phenomena in reduced
dimensions.
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